Abstract. Previous studies demonstrated that corymine, an indole alkaloid isolated from the leaves of Hunter zeylanica, dose-dependently inhibited strychnine-sensitive glycine-induced currents. However, it is unclear whether this alkaloid can modulate the function of the N-methyl-D-aspartate (NMDA) receptor on which glycine acts as a co-agonist via strychnine-insensitive glycine binding sites. This study aimed to evaluate the effects of corymine on NR1a / NR2B NMDA receptors expressed in Xenopus oocytes using the two-electrode voltage clamp technique. Corymine significantly potentitated the NMDA-induced currents recorded from oocytes on days 3 and 4 after cRNA injection but it showed no effect when the current was recorded on days 5 and 6. The potentiating effect of corymine on NMDA-induced currents was induced in the presence of a low concentration of glycine (≤0.1 µM). Spermine significantly enhanced the potentiating effect of corymine observed in the oocytes on days 3 and 4, while the NMDAreceptor antagonist 2-amino-5-phosphonopentanone (AP5) and the NMDA-channel blocker 5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine (MK-801) reversed the effect of corymine. On the other hand, the nonspecific chloride channel blocker 4,4-di-isothiocyano stilbene-2,2-disulfonoc acid (DIDS) had no effect on the corymine potentiation of NMDA currents. There was no good correlation between corymine-and spermine-induced potentiation of the NMDA-current response in Xenopus oocytes. These results suggest that corymine potentiates the NMDA-induced currents by interacting with a site different from the spermine binding site.
Introduction
Corymine is an indole alkaloid isolated from the leaves of Hunteria zeylanica, a plant native to Thailand. We previously demonstrated that this alkaloid per se did not induce convulsion but potentiated the convulsions induced by strychnine, a competitive glycine-receptor antagonist, and picrotoxin, a non-competitive γ-aminobutyric acid (GABA) receptor antagonist, in mice (1) . Moreover, in previous electrophysiological studies using a Xenopus oocyte receptor expression model, we have found that corymine inhibited preferentially strychninesensitive glycine-receptor function rather than GABAreceptor function, suggesting that the blockade of strychnine-sensitive glycine receptors mainly contributes to the convulsion potentiating effect of this alkaloid (2, 3) .
Glycine acts not only as an inhibitory neurotransmitter for the strychnine-sensitive glycine receptor in the spinal cord but also as a co-agonist for the strychnine-*Corresponding author (affiliation #1). FAX: +662-260-2122, ext. 4013 E-mail: pathama@swu.ac.th insensitive glycine binding site of the NMDA receptor. Evidence indicates that intrathecal administration of glycine enhances, rather than inhibits, strychnine-and NMDA-induced convulsions by acting on the strychnine-insensitive glycine binding site of NMDA receptors (4) . Thus, it is likely that the seizure-potentiating effect of corymine in the animal model may involve activation of the NMDA receptor.
The NMDA receptor plays important roles in the pathologies of the central nervous system (CNS) and is a target for several therapeutic agents, including NMDA agonists, antagonists, and modulators (5 -9) Three NMDA-receptor subunit families (NR1a-h, NR2A-D, and NR3A-B) have been identified (10, 11) . Native NMDA receptors in the mammalian CNS are thought to consist of tetrameric, heterooligomeric assemblies of NR1 subunits, which possesses the glycine binding site and mandates channel activity, and NR2 subunits, which possesses glutamate binding site and modulates functional and pharmacological properties of the NMDA-gated channel (12 -15) . Evidence indicates that different subunit combinations (or "subtypes") have distinct biophysical and pharmacological characteristics (16 -19) , yielding potential for the development of NMDA-receptor-subtype-selective therapeutic agents (16) . Of the NMDA-receptor subunits, the NR2B subunit is particularly interesting because it is involved in several CNS pathologies including acute and chronic pain, stroke, head trauma, drug-induced dyskinesias, and dementia in Alzheimer's disease and Parkinson's disease (20 -23) .
To further clarify the mechanism underlying the seizure-potentiating effect of corymine, in this study we investigated using a receptor expression model of Xenopus oocyte whether corymine can modulate the function of the NR1a / NR2B NMDA receptor.
Materials and Methods
NR1a/NR2B RNA preparation cDNA clones of NR1a and NR2B were kindly provided by Dr. K. Igarashi (Faculty of Pharmaceutical Sciences, Chiba University). The circular cDNAs of NR1a and NR2B were linearized with NotI and EcoRI, respectively. The linearized NR1a and NR2B cDNAs were then transcripted into cRNAs in vitro with T7 and T3 RNA polymerase, respectively, using a mMessage mMachine transcription kit (Ambion, Austin, TX, USA). NR1a and NR2B cRNAs were diluted with nuclease-free water to approximately 0.5 µg / µl of each and were mixed at a ratio of 1:4 before injection into Xenopus oocytes.
Oocyte injection
Xenopus laevis (Xenopus Express, Cape, South Africa) were anesthetized in ice-water, and a lobe of the ovary was dissected and placed in sterile modified Barth's solution (MBS: 88 mM NaCl, 1 mM KCl, 0.41 mM CaCl 2 , 0.33 mM Ca(NO 3 ) 2 , 0.82 mM MgSO 4 , 2.4 mM NaHCO 3 , 7.5 mM Tris-(hydroxymethyl)aminomethane, pH 7.6). Oocytes were then isolated manually and defolliculated by incubation in 1.5 mg / ml collagenase (type IA; Sigma, St. Louis, MO, USA) at 19°C for 1 h in calcium-free MBS solution. cRNA mixture (27.6 nl) was injected into oocytes, stage V-VI, with a microinjector (Drummond, Broomail, PA, USA). For expression, the oocytes were incubated in MBS containing 2.5 units / ml penicillin and 2.5 µg / ml streptomycin at 18°C.
Electrophysiological recording
Responses to NMDA were recorded using a twoelectrode voltage-clamp amplifier (GeneClamp 500B; Axon Instrument, Foster City, CA, USA) at a holding potential of −60 mV unless noted otherwise. Electrodes were filled with 3 M KCl and had resistances of 0.5 -5 ΩM. Oocytes were positioned in a 50-µl chamber and continuously perfused with Mg
2+
-free MBS solution at 1 ml/ min at room temperature. The drugs were applied until a plateau or peak of the response was observed. Data were recorded and digitized for analysis (MacLab 200; ADInstruments, Castle Hill, NSW, Australia). The washout period for recovery was 3 -5 min, depending on the concentration of drugs applied. Most data was expressed as the mean ± S.E.M. For statistical analysis, the Sigma Stat ® (ver3.0) program was used. Data were subjected to the paired t-test when effects were compared between before and after drug application in the same oocytes or the unpaired t-test when the experiments were performed in different oocytes. ED 50 values and correlation coefficients for curve fitting were determined using Prism ® (ver.2.0) program.
Compounds
Corymine used in this study was isolated from the leaves of Hunteria zeylanica as previously described (2) . NMDA, glycine, MK-801, DIDS, and spermine were from Sigma; and AP5 was from Tocris (Ellisville, MO, USA). In the experiment, corymine was dissolved in dimethylsulfoxide (DMSO). The final concentrations of DMSO used in this study was ≤0.1%. DMSO at this concentration did not induce membrane current or affect NMDA-induced currents in control experiments (24) .
Results

Pharmacological properties of the NMDA receptors expressed in oocytes
We first characterized pharmacological properties of the NMDA receptor expressed in Xenopus oocytes. When NMDA containing 10 µM glycine was bathapplied to oocytes injected with NR1a and NR2B cRNAs, inward currents were elicited at holding potentials of −100 to −20 mV and outward currents at holding potentials of +20 to +100 mV (Fig. 1A) . A concentration-response curve for NMDA was made at a holding potential of −60 mV. The ED 50 value was 54 ± 12.2 µM (Fig. 1B) . In further experiments, we used 30 µM NMDA as a standard concentration (unless specified elsewhere).
The current response elicited by 30 µM NMDA plus 10 µM glycine was dose-dependently and significantly reduced by the competitive antagonist AP5 (Fig. 1C ) and the noncompetitive antagonist MK-801 (Fig. 1D ).
Spermine (100 µM), a NMDA modulator, significantly enhanced the NMDA response at the glycine concentrations of 0.1 and 1 µM but not 10 µM (Fig. 1E ).
Potentiating effect of corymine on the NMDA-induced currents depends on glycine concentration
To investigate the effect of corymine on the expressed NMDA receptors, 30 µM NMDA plus various concentrations of glycine (0.01 -10 µM) was applied to oocytes in the presence and absence of 100 µM corymine. Corymine significantly produced a marked potentiation of NMDA-induced currents at low concentrations of glycine (0.01 -0.1 µM) but it had no potentiating effect at high concentrations (1 -10 µM) of glycine ( Fig. 2: A  and B) . The potentiating effect of corymine disappeared immediately after washing-out of the alkaloid by Mg 2+ -free MBS (Fig. 2A) . The potentiating effect of corymine did not occur in any of the oocytes that responded to NMDA. Percentages of oocytes that showed corymineinduced potentiation of NMDA currents were 100 (4 of (Fig. 2B) . Corymine significantly potentiated the NMDA responses at 100 µM but not at 10 µM (Fig. 2C) .
Potentiating effect of corymine on the NMDA-induced currents depends on incubation period of oocytes after cRNA injection
To clarify factors that are involved in the variation of corymine potentiation of the NMDA response, we elucidated the effects of corymine on the NMDAinduced currents elicited in oocytes on days 2 to 6 after cRNA injection. When applied with 30 µM NMDA plus 0.1 µM glycine, corymine markedly and significantly potentiated the NMDA response in oocytes recorded on day 3 after cRNA injection. The magnitude of corymine potentiation was gradually decreased after day 3, but the effect of corymine was still significant when examined on day 4 (Fig. 3A) . Percentages of oocytes that showed corymine-induced potentiation of NMDA currents were 0 (0 of 3), 100 (5 of 5), 71 (12 of 17), 40 (4 of 10), and 20 (1 of 5) at days 2, 3, 4, 5, and 6 after cRNA injection, respectively. When 10 µM glycine was used instead of 0.1 µM, the potentiating effect of corymine was rarely observed during the experiment period of 6 days after cRNA injection (data not shown). Corymine (1 -100 µM) hardly potentiated NMDA responses in oocytes recorded on day 6 after cRNA injection, while spermine, a NMDA modulator, exhibited a marked and significant potentiation of the NMDA response in all oocytes tested (Fig. 3B) . Percentages of oocytes that showed corymineinduced potentiation of NMDA currents were 0 (0 of 5), 0 (0 of 5), 20 (1 of 5), and 100 (5 of 5) for corymine at 1, 10, 100 µM, and spermine, respectively.
Potentiating effect of corymine on the NMDA-induced currents was enhanced by spermine and antagonized by AP5 and MK-801
To study a possible mechanism by which corymine potentiates the NMDA currents, the effects of spermine and other antagonists (AP5, MK-801, and DIDS) on corymine potentiation were examined. After the NMDA response was potentiated by 100 µM corymine, either spermine (100 µM), AP5 (10 µM), MK-801 (100 µM), or DIDS (100 µM) was co-applied and the changes of NMDA response were observed. Simultaneous application of corymine and spermine to oocytes caused a significant increase of the NMDA responses when compared to the response caused by corymine alone (Fig. 4: A and B) . In contrast, the effect of corymine was significantly decreased by co-application of AP5 or MK-801, but not by DIDS. A linear regression analysis revealed a correlation coefficient (r 2 ) of 0.5251 between the magnitudes of the potentiating effects of corymine and spermine (Fig. 4C) .
Discussion
The present study has demonstrated that corymine can potentiate NMDA-receptor function in the presence of low glycine concentrations in Xenopus oocytes injected with NR1a and NR2B cRNAs. The results suggested that the potentiating effect is mediated by an interaction of this alkaloid with a site other than the spermine binding site on the NMDA receptor.
In this study, corymine failed to activate the NMDAreceptor channel in the absence of glycine (data not shown), but it showed a marked enhancement of NMDA-induced currents in the presence of low glycine concentrations (≤0.1 µM) . Moreover, the NMDAresponse-potentiating effect of corymine disappeared immediately after washing out by MBS buffer. These findings indicate that corymine acts to reversibly and positively modulate the function of the NMDA receptor and that the effect of this alkaloid depends on the presence of glycine. Glycine concentration in the synaptic cleft of glutamatergic synapses is generally estimated to be lower than the K D value (100 -500 nM) for high affinity glycine binding sites on the NMDA receptor (18, 25 -28) . Taken together, the present finding raises a possibility that corymine enhances small current responses elicited by NMDA-receptor stimulation at low extracellular glycine concentrations.
The effect of the alkaloid found in this study is quite similar to the action of spermine on the NMDAreceptor-mediated response since it has been demonstrated that positive modulation of NMDA-receptor function by spermine also depends on glycine concentration (29 -32) . This similarity allows us to infer that corymine, like spermine, may potentiate the NMDA response by increasing the affinity of glycine for the glycine site on the NMDA receptor (32 -34) . However, spermine potentiation of the NMDA response was invariably observed in all the oocytes tested (data not shown), where as corymine did not show the NMDA response in every oocyte during a 6-day period of experiments. Moreover, a combination of corymine and spermine potentiated the NMDA-receptor-mediated current response in oocytes in an additive manner, but no good correlation was found between magnitudes of corymine-and spermine-induced potentiation of the NMDA response. Together, it is unlikely that corymine and spermine share the common binding site involved in positive modulation of the NMDA-receptor function. The exact mechanism underlying corymine-induced potentiation of the NMDA-receptor response remains unclear but there is a possibility that corymine apparently potentiates the NMDA-receptor function in Xenopus oocytes by activating the Ca
2+
-dependent Cl − channel because an increase in intracellular Ca 2+ by NMDA reportedly induces Cl − currents via Ca 2+ -dependent Cl − channels that are natively expressed on the oocyte membrane (35 -38) . However, this possibility seems to be very small since the NMDA-receptor antagonist AP5 and the NMDA-channel blocker MK-801 completely abolished the positive modulation of the NMDA-receptor function by corymine, whereas treatment of Xenopus oocytes with DIDS, a non-specific chloride-channel blocker, did not affect the effect of corymine.
The reason for the cell-to-cell and day-by-day variability of corymine-induced potentiation of the NMDA response is unclear. Speculative explanation for the variability is that it may be due to a difference in the expression between NR1a and NR2B NMDA-receptor subunits with different sensitivities to corymine in Xenopus oocytes, that is, corymine-sensitive and -insensitive NMDA-receptor subunit compositions. The corymine-sensitive NMDA-receptor subunit complexes may be not expressed to the same extent in all cells injected with NMDA-receptor subunit cRNAs or not stable enough to show the potentiating effect of corymine during the experiment period of 5 -6 days after cRNA injection In this study, each oocyte received cRNAs of NR1a and NR2B subunits at a constant ratio of 1:4 to avoid NR1a homomer formation (39) . However, we can not exclude the possibility that the NR1a or NR2B homomers or both are generated (40, 41) since spermine reportedly potentiates the function of NMDA receptors consisting of NR1 homomer and NR1/ NR2B heteromers (32 -34) . Thus, it can be inferred that the corymine-sensitive NMDA receptors expressed in the oocytes may be either the NR1a homomer or the NR1 / NR2B heteromer. Evidence indicates that the NR1a / NR2B NMDA receptor is involved in learning and memory (22) . Moreover, psychiatric disorders such as schizophrenia appear to implicate the NMDA-receptor hypofunction (42 -44) . Thus, the potentiation of NMDA-receptormediated responses by corymine may be beneficial for the treatment of diseases involving NMDA-receptor dysfunction.
In conclusion, corymine can positively modulate the NMDA-receptor function at low glycine concentrations probably via interacting with a site different from the spermine binding site. It is likely that the positive modulatory effect on the NMDA receptor involved in corymine-induced potentiation of strychnine-and picrotoxin-induced convulsion in mice (1). However, further investigation is needed to better understand the mechanism underlying corymine potentiation of the NMDAreceptor function.
